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 New organic geochemistry insights from a large South American estuary.
 Composition and seasonal variations of sedimentary organic matter were studied.
 PAHs concentrations suggested the absence of contamination.
 The Principal Components Analysis suggested spatial variation in the organic markers.a r t i c l e i n f o
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The composition and seasonal variations of sedimentary organic matter were investigated along the Cot-
inga sub-estuary, located in Paranaguá Bay, a large South American estuary where urban activities and
the primary Brazilian grain shipping port are sources of pollution. Steroids and hydrocarbons were ana-
lyzed in surface sediments collected during the austral winter (2008) and summer (2009) in three distinct
sectors, along this sub-estuary in a presumed gradient of fecal contamination. Concentrations ranged
from 0.28 to 7.33 lg g1 (in dry sample weight thereafter), <DL (below detection limit) to 57.2 ng g1
and <DL to 1.69 lg g1 for aliphatic hydrocarbons (RAHs), polycyclic aromatic hydrocarbons (RPAHs)
and coprostanol, respectively. Petrogenic inputs may be considered as source of AHs due to the presence
of unresolved complex mixture in the majority of sites; however the levels observed do not indicate oil
contamination. The highest RPAHs concentrations were found during the summer in the middle sector of
the sub-estuary but were below the threshold effect levels (TEL), suggesting the absence of contamina-
tion by PAHs. Selected PAH isomer ratios indicated pyrolytic sources, whereas fecal sterols indicated
decreasing sewage contamination from sub-estuary to the open ocean. The absence of correlation
between organic markers and grain-size parameters suggested no preferential deposition sites of organic
matter in the study area. The Principal Components Analysis suggested spatial variation in the distribu-
tion of sterols and AHs; however, temporal variations were only evident in the distribution of PAHs.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The Cotinga sub-estuary is a polyhaline channel, approximately
20 km in length, in the Paranaguá Estuarine Complex (PEC), Brazil,
which is one of the largest estuarine systems in South America
(Lana et al., 2001). It suffers from seasonal inﬂuences of human
activities conducted in the PEC, such as ﬁshing, industrial activitiesrelated to the presence of an oil terminal, a grain port and tourism,
the latter of which increases during the summer season. Those
activities may contribute to a progressive increase in the dumping
of domestic and industrial sewage, petroleum products, polycyclic
aromatic hydrocarbons (PAHs), heavy metals and organic pollu-
tants such as polychlorinated biphenyls (Martins et al., 2011a;
Combi et al., 2013) in the vicinity of this study area. This region in-
cludes 20% of the total remnant Brazilian Atlantic forest, and it has
been considered a Biosphere Reserve by the United Nations Educa-
tional, Scientiﬁc and Cultural Organization (UNESCO) since 1995.
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from natural or anthropogenic origin. Because of their source spec-
iﬁcity, chemical stability and resistance to degradation, they are
used as tracers for events and processes in the environment
(Colombo et al., 1989). Such compounds, as sterols and hydrocar-
bons, have been used to determine the origin of organic matter
(OM) in estuarine systems and have been applied as tracers for
human activities along the coastal areas of industrial and urban
centers in several regions of the world (Muniz et al., 2006; Martins
et al., 2012a).
PAHs are widespread throughout the marine environment and
have been used to assess oil contamination in marine sediments
(Asia et al., 2009). They are primarily associated with anthropo-
genic sources, particularly fossil fuels and their derivatives (Law
and Biscaya, 1994). The process of partial combustion and pyroly-
sis (pyrolytic contributions), accidental oils spills (petrogenic con-
tributions) and the disposal of domestic and industrial efﬂuents are
the major sources of PAHs to the coastal systems (Colombo et al.,
1989; Martins et al., 2011b).
Aliphatic hydrocarbons (AHs) have several sources which can
be classiﬁed as anthropogenic (from oil and derivatives) or bio-
genic inputs (from vascular plants, phytoplankton and zooplank-
ton), thus, the assessment of AHs in surﬁcial sediments is a
useful tool for identifying sewage/industrial and natural vegetation
inputs, as well as variations in the predominance of certain sources
and/or irregular local emissions (Aboul-Kassim and Simoneit,
1996).
The fecal sterols coprostanol (5b-(H)-cholestan-3b-ol) and epi-
coprostanol (5b-(H)-cholestan-3a-ol) are present in human feces
and sewage efﬂuents and are thus widely used to estimate the de-
gree of sewage contamination in coastal areas near urban centers
(Mudge and Duce, 2005; Martins et al., 2008). Other sterols such
as cholesterol (cholest-5en-3b-ol) and cholestanol (5a-(H)-chole-
stan-3b-ol) are usually found as the main sterols in aquatic sys-
tems due to their ubiquitous distribution in zooplankton and
phytoplankton (Volkman et al., 2008) whereas the sterols as
sitosterol (24-ethylcholest-5-en-3b-ol), stigmasterol (24-ethylcho-
lesta-E-5,22-dien-3b-ol) and campesterol (24-methylcholesta-5-
en-3b-ol) may indicate the presence of terrigenous OM (Volkman
et al., 2008).
The absence of data regarding the integration of multi-geo-
chemical parameters in the estuaries of South America is one ofFig. 1. Map of the Paranaguá Estuarine Complex (PEC) with an emthe primary reasons for this study. Therefore, we performed an
environmental diagnosis identifying the primary sources of sedi-
mentary OM and a presumed gradient of contamination near the
city of Paranaguá based on the composition, levels and sources of
the biomarkers described above in two different seasons (rainy
and dry) and in three distinct sectors along this presumed contam-
ination gradient. The multi-parameter approach includes biomark-
ers, grain size and multivariate statistical analyses. This approach
provides a broader view of the interaction of natural and anthropo-
genic processes and enables the identiﬁcation of the most appro-
priate indicator for the environmental assessment of the area,
considering the strengths and constraints of each parameter.2. Study area
The study area corresponds to the Cotinga sub-estuary in the
PEC in Southern Brazil (Fig. 1). The PEC has an area of 551.8 km2
and is the largest and best preserved estuary in the South Atlantic.
It is divided into two main sections or basins: (i) the western sec-
tion, formed by the bays of Paranaguá and Antonina, where the
Cotinga sub-estuary is located, and (b) the northern section, which
is formed by the bays of Pinheiros and Laranjeiras (Lana et al.,
2001).
The climate is classiﬁed as subtropical humid mesothermic. The
mean air temperatures vary between 16 and 34 C, and the annual
mean precipitation is ca. 2000 mm. Two climatic seasons are dis-
tinguished during the year: (i) a dry season from April to Septem-
ber (austral autumn and winter) and (ii) a rainy season between
October and March (austral spring and summer). During the rainy
season, the average precipitation exceeds the precipitation in the
dry season by more than three times (Lana et al., 2001).
Mangrove forests occur throughout the area, accounting for
most of the OM that reaches this site (Lana et al., 2001). The pri-
mary rivers ﬂowing to the area are the Itiberê, Guaraguaçu and
Maciel rivers. The Itiberê River is 14 km long and receives most
of the untreated sewage produced in the city of Paranaguá (Kolm
et al., 2002; Martins et al., 2010). The Guaraguaçu River is 60 km
long and is the largest river that discharges freshwater into the
PEC, contributing a large input of terrigenous OM washed down
from the Serra do Mar Mountains directly into the Cotinga
sub-estuary. The Maciel River is 10.6 km long and its edges arephasis on the study area and the location of sampling points.
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ence (Kolm et al., 2002).3. Material and methods
3.1. Sampling design
To analyze the distribution of biomarkers in the different sea-
sons and areas, the Cotinga sub-estuary was subdivided into three
sectors (S1, S2 and S3) at the kilometer scale (inner, middle and out-
er sectors). Three local areas (L1, L2 and L3) that were separated by
hundreds of meters were randomly established within each sector;
therefore nine samples (three for each sector) were collected in
each season (Fig. 1). This sector sampling design was arranged to
verify a presumed gradient of sewage contamination along the Cot-
inga sub-estuary (Barboza et al., 2013). The ﬁrst sector was consid-
ered to be the site that is most contaminated by sewage and oil
derivatives due to the proximity of the city of Paranaguá. The sec-
ond sector is inﬂuenced by terrigenous OM due to the contribution
of the Guaraguaçu River. Marine-derived OM occurs in the third
sector, which is closest to the open sea.
This spatial design was applied in two sampling campaigns: in
August 2008 (dry season – D) and March 2009 (rainy season –
R), amounting to eighteen samples. This timeline corresponds to
the periods of minimum and maximum input of freshwater into
the estuarine system. All samples were taken on a single day in
each campaign to reduce the putative effects of any short-term
temporal variations.3.2. Sediment sampling and grain size analysis
The samples were collected using a Petit Ponar sampler (surface
area: 0.04 m2). The top 2 cm of undisturbed surface sediment were
placed into pre-cleaned aluminum foil and stored at 20 C. The
sediments were dried (40 C), carefully homogenized with a mor-
tar and stored in clean glass bottles until the analysis of
biomarkers.
Grain size analysis was conducted using the method described
by Suguio (1973). The ﬁne fraction was analyzed with a laser gran-
ulometer Cilas 1064 (Cilas, Orléans, Loiret Department, France).
The method described by Folk and Ward (1957) was used to esti-
mate the sediment parameters using SysGran 3.0 (Camargo, 2006).3.3. Biomarkers: extraction, fractionation and instrumental analyses
The analytical procedure described by UNEP (1992) was
adopted in this study for the hydrocarbon analysis. Approximately
20 g of sediment was Soxhlet extracted over 8 h using 80 mL of a
mixture of (1:1) dichloromethane (DCM) and n-hexane. The surro-
gates eicosene and hexadecane for the aliphatic hydrocarbons, and
naphthalene-d-8, acenaphthene-d-10, phenanthrene-d-10, chry-
sene-d-12 and perylene-d-12 for the PAHs were added before each
blank and sample extraction. The DCM/n-hexane extract was puri-
ﬁed using column chromatography with 5% deactivated alumina
(1.8 g) and silica (3.2 g). Elution was performed with 10 mL of n-
hexane (fraction 1 – aliphatic hydrocarbons) and 15 mL of a (3:7)
DCM/n-hexane mixture (fraction 2 – PAHs). The fractions were
concentrated again on a rotary evaporator, transferred to a 2 mL
vial, and the volume was then adjusted to exactly 1 mL using a
stream of purity N2 gas. Internal standards tetradecene (for the ali-
phatic hydrocarbons) and benzo[b]ﬂuoranthene-d-12 (for the
PAHs) were added in the ﬁnal sample extracts. AHs and PAHs were
determined by the injection of 1 lL into a gas chromatograph (GC)
equipped with a ﬂame ionization detector (FID) and massspectrometer (MS), respectively. Instrumental details of the analy-
ses are described by Martins et al. (2012a).
The sterol analysis was based on the method described by
Kawakami and Montone (2002). Approximately 20 g of sediment
from each site were extracted using a Soxhlet system for 8 h with
70 mL of ethanol and the surrogate 5a-cholestane. The ethanol ex-
tract was reduced to ca. 2 mL by rotoevaporation and puriﬁed
using column chromatography with 2 g of 5% deactivated alumina
and elution with 15 mL of ethanol. The extracts were evaporated to
dryness and derivatized to form trimethylsilyl ethers using BSTFA
(bis(trimethylsilyl) triﬂuoroacetamide) with 1% TMCS (trimethyl-
chlorosilane) for 90 min at 65 C. The mixture of TMS-sterol deriv-
atives was determined through the injection of 1 lL into a GC
equipped with FID. The instrumental details of the analyses were
recently described by Martins et al. (2012b).
The compounds were identiﬁed by matching the retention time
to the results obtained from standard mixtures (C10–C40) n-alkanes
and sterols. Concentration of individual compounds was obtained
by the internal standard peaks area method and 5-point calibration
curve for individual components (0.25–10 ng lL1, r > 0.995). The
relative response factor for sterols not included in the standard
compounds was calculated by linear interpolation. The UCM con-
centration was calculated using the mean response factor of n-al-
kanes. PAHs were identiﬁed by matching the retention times and
ion mass fragments with the results obtained from standard mix-
tures of PAHs (NIST 2260 – Aromatic Hydrocarbons Standard Ref-
erence Material).3.4. Statistical analyses
Statistical correlation coefﬁcients between geochemical mark-
ers and the percentage of silt and clay were determined to assess
the importance of the circulation for the distribution of these com-
pounds and to identify similarities among them. A one-way ANO-
VA was used to test the signiﬁcance of differences in the compound
concentrations and ratios considering the sector as a factor with
three levels (inner, middle, outer). Normality and homoscedasticity
were assessed using the Shapiro–Wilk and Cochran tests, respec-
tively (Underwood, 1997). When the statistical assumptions were
not found, transformation procedures were applied (after the
transformations, all of the data found the parametric assumptions).
Because of a lack of temporal replication, we performed two sepa-
rated runs: (1) for the dry season and (2) for the rainy season. Prin-
cipal Components Analysis (PCA) was used to investigate patterns
of spatial–temporal variation in the geochemical markers. PCA was
performed for each group of geochemical markers. Only com-
pounds that occurred in at least 50% of the samples were assessed.
One variable from each pair of signiﬁcantly correlated variables
(Pearson coefﬁcient > |±0.95|) was removed from the analysis. All
statistical analyses were performed using (R Development Core
Team, 2009), with the GAD package (Sandrini-Neto and Camargo,
2011) and with the Statistical package for Windows (version 5.1,
1997) and Microsoft Ofﬁce (Excel).4. Results and discussion
4.1. Sterols and ketone coprostanone
The fecal sterol coprostanol and the ketone 5b-cholestan-3-one
(coprostanone) were detected in most samples. Coprostanol con-
centrations ranged from <DL (S3L2D and S3L3D) to 1.69 lg g1 (in
dry sample weight thereafter). (S1L2R), whereas coprostanone var-
ied from <DL (S3L2D) to 0.36 lg g1 (S1L2R) (Table S2).
Epicoprostanol, a coprostanol isomer, can be used as an
indicator of the level of treatment because it is formed during
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Duce, 2005). This sterol was detected only in sector 1, near the city
of Paranaguá. In general, fecal sterols were higher during the rainy
season and decreased from Paranaguá towards the open sea (Sec-
tor 1–3). The sectorial mean values for coprostanol and coprostan-
one are shown in Fig. 2A and B.
Coprostanol levels have been widely used as an indicator of OM
of fecal origin in aquatic environments because this compound oc-
curs in large amounts in human feces, corresponding to 40–60% of
the total sterols excreted in human fecal waste (Grimalt et al.,
1990; Venkatesan and Mirsadeghi, 1992; Peng et al., 2005). Using
the threshold coprostanol level of 0.5 lg g1 suggested by Gonz-
alez-Oreja and Saiz-Salinas (1998), only sector 1 would be consid-
ered contaminated by sewage inputs (Fig. 2A). However, some
authors (Grimalt et al., 1990) point to limitations in the use of
coprostanol as a conclusive parameter indicating sewage contam-
ination because of the possibility of in situ production. To solve this
problem and to estimate the degree of contamination, the ratio
coprostanol/(coprostanol + cholestanol) (ratio I) has been proposed
(Grimalt et al., 1990). The presence of relatively high concentra-
tions of coprostanol (>0.10 lg g1) and ratio I values between 0.5
and 1.0 are indicative of sewage contamination in sediments (Lee-
ming et al., 1998) (Fig. 2C). The values obtained in this study are
consistent with the presumed sewage contamination gradient
(Table S3) although no site can be described as severely contami-
nated. The concentrations of coprostanol were signiﬁcantly differ-
ent among sectors only during the rainy season (Table S4). The
coprostanol concentrations and ratio I values indicate enhanced
sewage input during this season. The increases in population and
rainfall may be responsible for this difference in the results be-
tween the dry and rainy seasons. The lack of a sanitation system
constitutes a basic problem in Paranaguá (Mizerkowski et al.,
2012). As an alternative system, septic or rudimentary tanks are
commonly adopted in the villages around the study area. During
periods of increased rainfall, these tanks tend to overﬂow their
content, which is drained to the rivers increasing sewage input in
the rainy season.
The ratio between epicoprostanol/coprostanol (ratio II)
(Table S3) has been used to assess the level of treatment that theA
B
0.0
0.3
0.6
0.9
1.2
1.5
S1 S2 S3
sewage contamination
(>0.50 g g-1)
0.00
0.08
0.16
0.24
0.32
0.40
S1 S2 S3
Sec
Co
pr
o
st
an
o
l (µ
g.
g-
1
dr
y 
w
t.)
Co
pr
os
ta
no
ne
 (µ
g.
g-
1
dr
y 
w
t.)
March, 2009
August, 2008
March, 2009
August, 2008
sewage contamination
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(B) coprostanone concentration (in lg g1); (C) ratio I (coprostanol/(coprostanol + choles
and (D) total sterols concentrations (in lg g1) for the sediments collected in the Cotingsewage receives before being discharged into the environment.
Values lower than 0.2 indicate untreated sewage inputs (Mudge
and Duce, 2005). When this ratio could be calculated, the values
indicated the input of untreated efﬂuents and were signiﬁcantly
different among sectors during the rainy season (Table S4). This re-
sult most likely reﬂects the increase in the coprostanol concentra-
tions during the rainy season.
Twelve other sterols were detected in the surﬁcial sediments of
the Cotinga sub-estuary (Table S2). These biogenic sterols were
used to assess the OM input patterns in the sediments. Total sterols
(ROLs) ranged from 2.16 (S1L2D) to 34.64 lg g1 (S2L1D) (Table S2).
Mean values for each sector (S) are shown in Fig. 2D. The highest
mean values of ROLs were found in sector 2. In general, the con-
centrations in the rainy season were higher than in the dry season
but did not differ among sectors (Table S4). The proximity to the
Guaraguaçu River and the occurrence of heavy precipitation during
March 2009 are the primary reasons for these variations. The mar-
ine productivity increases in the rainy season, furthermore in-
creased rainfall leads to an increase in the input of litterfall to
the study area (Lana et al., 2001).
The large input of the rivers, delivering terrigenous OM to estu-
arine waters, may promote an increase in marine OM production
(Villinski et al., 2008), as reﬂected by the high concentrations of
cholesterol and sitosterol, which are the most abundant sterols
presented in the Cotinga sub-estuary (Tables S2 and S3).
The distinction between sterols frommarine phytoplankton and
vascular plants is quite difﬁcult. C29 sterols, commonly associated
with higher plants, can also be synthesized by many microalgae
(Volkman, 1986; Barrett et al., 1995). The ratios campesterol:sitos-
terol (ratio III) and campesterol:stigmasterol (ratio IV) are useful
tools for distinguishing C29 sterols sources. In sediments where
sitosterol or stigmasterol are less abundant than campesterol, algal
sources (not necessarily marine) are important sources of OM
(Volkman, 1986).
Values of ratio III ranged from 0.13 (S2L1D) to 1.07 (S3L2D), with
most values greater than 0.25, increasing towards the open sea
(Table S3), suggesting a decreased contribution of sitosterol from
terrestrial sources from sector 1 to sector 3. Values of ratio IV be-
tween 0.63 and 0.71 are typically terrigenous, whereas higherC
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160 M.A. de Abreu-Mota et al. / Chemosphere 103 (2014) 156–163values are indicative of marine sources (Volkman, 1986). In this
study, the values ranged from 0.33 (S2L1D) to 2.14 (S3L2D), with
only sector 1 presenting mean values typical of continental sources
(Table S3). The production of marine OM may be particularly en-
hanced by the input of nutrients from the rivers in the middle sec-
tor, primarily during the rainy season (Lana et al., 2001).
To evaluate the degree of OM diagenetic transformation, the ra-
tios between cholestanol/cholesterol and sitostanol/sitosterol were
calculated (ratios V and VI). The predominance of the saturated
compounds indicates bacterial degradation of the unsaturated
homologues (Wakeham and Canuel, 1990). Values ranged from
0.06 (S3L3R) to 0.62 (S1L2R) and from 0.18 (S2L1D) to 0.88 (S1L1R)
for the ratios V and VI, respectively, indicating a predominance of
unsaturated sterols with respect to the saturated homologues
(Table S3). These values indicated fresh OM recently deposited
and low rates of bacterial and/or hydrogenation diagenetic pro-
cesses (Wakeham and Canuel, 1990).
Compound correlations and the seasonal and spatial variability
of steroids and grain size parameters were assessed using PCA to
gain further insights into the relationships among the samples
and the compounds from the same class (Fig. S1). The PCA loadings
distinguished three groups of variables: (i) fecal steroids (ii) mar-
ine-derived sterols and (iii) marine/terrigenous sterols and stanols,
conﬁrming the previous source assignments. The PCA scores indi-
cate the relative inﬂuence of each PC on the sample composition.
The PCA scores discriminated among samples from (a) sector 1,
(b) sector 2 and (c) sector 3, indicating that these sectors were
most inﬂuenced by fecal steroids, marine/terrigenous sterols and
stanols, and marine-derived sterols, respectively. There was not a
distinction between the seasons in relation to the distribution of
sterols. Mud was the only variable responsible for the separation
between dry and rainy seasons.
4.2. Aliphatic hydrocarbons
The total AHs concentrations (RAHs) ranged from 0.28 (S3L3D)
to 7.33 lg g1. (S1L1D) (Table S5). Mean values for each sector are
shown in Fig. 3A with higher concentrations of RAHs found in sec-
tor 1 in samples from the dry season. However, differences among
sectors occurred only in the rainy season (Table S4).
The Unresolved Complex Mixture (UCM), which consists of a
group of hydrocarbons that cannot be resolved by capillary GC0.0
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C17 + C19) for the sediments collected in the Cotinga sub-estuary, South Atlantic, Brazil.columns, has been used as an indicator of contamination from de-
graded oil residues (Readman et al., 2002). The UCM concentration
detected in sectors 1 and 2, closer to urban activities, ranged from
1.29 (S2L1R) to 6.71 lg g1 (S1L1D) (Table S5), corresponding to
approximately 45.5–91.5% of the total aliphatic hydrocarbons.
Using theRAHs threshold value (500 lg g1) proposed by Volkman
et al. (1992) as indicative of oil contamination, these sediments are
far from being considered severely contaminated by oil hydrocar-
bons. Relatively higher values were found at sites located in sector
1, closest to the city of Paranaguá, particularly in samples collected
in the dry season and may reﬂect the accumulation from inputs
during the previous summer; there is intense boat trafﬁc during
the rainy season associated with tourism.
The total n-alkanes concentration (Rn-alk) ranged from 0.01
(S3L3D) to 1.23 lg g1 (S2L1R) (Table S5), with relatively higher
concentrations found in sector 2 during the rainy season
(Fig. 3B). The Carbon Preference Index (CPI25–35) relates odd to
even n-alkanes of high molecular weight (C25–C35) and has been
used to identify plant wax contributions (CPI > 1.0, typically 4.0–
6.0) versus fossil fuel contamination (CPI < 1.0) (Aboul-Kassim
and Simoneit, 1996) or marine contributions when there is no evi-
dence of oil contamination. All CPI values for this study area show
the predominance of biogenic terrigenous sources, but the lowest
values were found in sector 1 due to its proximity to urban areas
where oil input was detected based on the presence of a UCM
(Fig. 3C).
The Terrigenous/Aquatic ratio (TAR), which is the ratio between
long chain n-alkanes (n-C27 + n-C29 + n-C31) and short chain n-al-
kanes (n-C15 + n-C17 + n-C19), was calculated to assess the contri-
bution of terrigenous and aquatic sources to the total n-alkanes
composition (Silliman et al., 1996). TAR values ranged from 4.75
(S2L2D) to 46.9 (S2L1R) (Table S5), denoting the predominance of
terrigenous sources of n-alkanes. Relatively lower values occurred
in sector 3 due to its proximity to the open sea, whereas higher val-
ues were found in sector 2 in the rainy season samples. The latter
higher values can be explained by the proximity to the Guaraguaçu
River, which provides high concentrations of terrigenous n-al-
kanes; this input is enhanced during the rainy season (Fig. 3D).
The seasonal and spatial variability of n-alkanes and % mud
were evaluated using PCA (Fig. S2). The loadings distinguished
two groups: (i) long chain n-alkanes, n-C15 and n-C17 and (ii) short
chain n-alkanes. The PCA scores discriminated most of the samples0.0
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M.A. de Abreu-Mota et al. / Chemosphere 103 (2014) 156–163 161from sector 3 (a, Fig. S2), suggesting that they are dominated by
short chain n-alkanes. There was not a distinction between sectors
1 and 2 (b, Fig. S2), as both of them presented higher scores indi-
cating long chain n-alkanes. The presence of n-C15 and n-C17 within
this group may be attributed to the enhancement of autochtho-
nous production caused by the input of terrigenous nutrients.
The PCA did not show a distinction between the dry and rainy sea-
sons due to the distribution of n-alkanes, but most of the samples
from the dry season were grouped according to particle grain size.
4.3. Polycyclic aromatic hydrocarbons
Total PAHs concentrations (RPAHs), excluding perylene, which
can be associated with diagenetic sources, ranged from <DL (S3L3D)
to 57.2 ng g1 (S2L1R) (Table S6). The mean concentrations of
RPAHs for each sector are shown in Fig. 4A. In contrast with AHs
and fecal sterols, higher concentrations were found in sector 2,
and the decreased concentration gradient between sector 1 and
sector 3 was not veriﬁed for these compounds.
In general, the sediments of the Cotinga sub-estuary are not
considered severely contaminated by these compounds, and the
concentrations of RPAHs are similar to those found in pristine re-
gions of the world, such as Admiralty Bay, Antarctica (<450 ng g1)
(Bícego et al., 2009). The concentrations of naphthalene, acenaph-
thene, acenaphthylene, ﬂuorene, phenanthrene, anthracene, ﬂuo-
ranthene, pyrene, benz[a]anthracene, chrysene, benzo[a]pyrene
and dibenz[ah]anthracene were compared with TEL values, which
are indicators below which no adverse effect to the biological com-
munity occurs (Long et al., 1995) (Table S6). In all samples, the con-
centrations of those compounds did not exceed TEL values,
conﬁrming the status as an area uncontaminated by PAHs.
Petrogenic inputs are the primary sources for alkyl PAHs, and
these compounds are associated with recent deposition as they
are rapidly degraded by early diagenesis (Wang et al., 1999). The
concentrations of total alkyl PAHs ranged from <DL (S2L3D, S3L2D
and S3L3D) to 26.1 ng g1 (S2L1R) (Table S6). This compound class
prevailed in the rainy season in sectors 1 and 2, which are subject
to intense boat trafﬁc, particularly in the summer season when this
trafﬁc is enhanced due to tourist activities.
High molecular weight PAHs (4–6 aromatic rings) are usually
produced by processes of combustion (Yunker et al., 2002; Yang
et al., 2008), whereas low molecular weight PAHs (2–3 aromatic
rings) are primarily derived from petrogenic sources (Wang et al.,
1999). The low molecular weight PAHs prevailed over high molec-
ular weight PAHs in most samples from the study area, suggesting
the predominance of PAHs from petrogenic inputs. However, these
can be associated with combustion processes when there are no
evident petrogenic inputs as the primary sources of these PAHs
(Wang et al., 1999; Yunker et al., 2002). A more detailed identiﬁca-
tion of possible anthropogenic sources of PAHs has been completed0.0
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sub-estuary, South Atlantic, Brazil.through the calculation of the ratios between isomer pairs of high
molecular weight PAHs, such as ﬂuoranthene/(ﬂuoranth-
ene + pyrene) (Fl/Fl + Py), benz[a]anthracene/benz[a]anthra-
cene + chrysene (BaA/228) and indeno[1,2,3-cd]pyrene/
indeno[1,2,3-cd]pyrene + benzo[ghi]perylene (IP/IP + Bghi). The
values obtained in this study and the designation of the threshold
values for sources identiﬁcation, based on Yunker et al. (2002), are
shown in Fig. 5. The ratio between selected PAH isomers showed
the predominance of pyrolytic (fossil fuel, coal and biomass com-
bustion) and sewage sources for high molecular weight PAHs.
The Fl/Fl + Py ratio values, calculated for S1L1D, S1L1R, S1L2R,
S1L3D, S1L3R, S2L1R and S2L2R indicated the predominance of PAHs
from biomass/coal burning and/or sewage. The ratio BaA/228, cal-
culated for the samples S1L1D, S1L1R, S1L2R and S2L1R indicated the
predominance of pyrolytic sources. The ratio IP/IP + Bghi, calcu-
lated for S1L1D and all samples collected in rainy season indicated
the predominance of PAHs derived from fossil fuel combustion, a
clear indicate of the usage of oil derivatives in small boats and
ships that move in the Cotinga sub-estuary.
The highest concentrations of RPAHs were found in sector 2 in
the rainy season samples. It was veriﬁed that pyrolytic and/or sew-
age sources of these compounds are prevalent in the study area.
Processes such as remobilization through atmospheric deposition
and/or surﬁcial drainage of particles comprising PAHs are in-
creased during this season. The majority of PAHs are associated
with anthropogenic sources; however, speciﬁc compounds such
as perylene may derive from the diagenesis of natural precursors
(Silliman et al., 1998). A perylene percentage lower than 10% of
the RPAHs (4–6 rings) indicate the prevalence of anthropogenic
sources for this PAH (Colombo et al., 1989). In the Cotinga sub-
estuary, the perylene percentage values ranged from 5.0% to
100%, increasing from sector 1 to sector 3. Higher concentration
values were found in samples collected during the rainy season
(Table S6). As perylene is primarily derived from terrigenous pre-
cursors (Silliman et al., 1998), the spatial and temporal variations
are due to the amount of terrestrial OM that ﬂows into the Cotinga
sub-estuary, which increases during the rainy season.
The seasonal and spatial variability of the individual PAHs and
the grain size parameters was assessed using PCA (Fig. S3). The
PCA loadings distinguished two groups according to their origin:
(i) a group composed of high molecular weight PAHs and alkyl
PAHs and (ii) a group formed by low molecular weight PAHs. Per-
ylene remained isolated because of its diagenetic origin. The PCA
scores clearly discriminated the seasons, indicating that the dry
season samples had higher low molecular weight PAHs and %
mud, whereas alkyl PAHs and high molecular weight PAHs values
predominated in the rainy season. The PCA did not show a
spatial distinction for the distribution of PAHs, conﬁrming that
atmospheric deposition may be the most important physical
process in the distribution of PAHs in the study area.0
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correlation coefﬁcients
The correlation coefﬁcients (r) between granulometric parame-
ters (% silt + clay) and the concentrations of the main organic geo-
chemical markers studied in the Cotinga sub-estuary are given in
Table S7. In general, plant biomarkers showed strong positive cor-
relations with marine biomarkers, whether for compounds of the
same or of different classes. Those values were higher in samples
from the rainy season (e.g., short chain n-alkanes vs. sitos-
terol = 0.80 (dry season) and 0.93 (rainy season)). The marine ori-
gin of stigmasterol was evident based on the campesterol/
stigmasterol ratio; however, stigmasterol showed a strong positive
correlation with terrigenous biomarkers (e.g., stigmasterol vs. long
chain n-alkanes = 0.80 (dry season) and 0.91 (rainy season)). The
signiﬁcant correlation coefﬁcients (at the 95% level) between com-
pounds from different origins showed that there are multiple OM
sources in the Cotinga sub-estuary. Multiple sources are most
likely due to the enhanced terrigenous input and nutrients from
rivers, thus resulting in the high autochthonous production of
OM. These events are particularly intensiﬁed during the rainy sea-
sons, as the continental runoff is highly increased; this explains the
stronger correlation values in this season.
The lowmolecular weight PAHs showed a strong positive corre-
lation with the high molecular weight PAHs, which is typical of
pyrolysis processes and suggests similar sources of input to thisenvironment, since petrogenic inputs were not conﬁrmed by PAHs
isomeric ratios. There was a strong positive correlation between
these compounds in the rainy season (r = 1.00), suggesting the
atmospheric deposition of particles generated during the combus-
tion process due to high rates of rainfall.
The low correlation between the percentage of silt + clay and
the biomarkers studied suggests that the sediment grain size was
not the determining factor for compound deposition. The correla-
tion coefﬁcients between biomarkers and total organic matter
(TOM) were not signiﬁcant (p > 0.05). This tendency may be attrib-
uted to the water circulation of the area, which promotes the depo-
sition of compounds (natural and anthropogenic) close to their
sources; the grain size homogeneity (most of the samples studied
were predominantly composed of sand); the strong variability in
the OM sources (anthropogenic, marine and terrestrial) and the
high input of biomarkers.5. Conclusions
In this study, a multi-molecular approach detected the occur-
rence of a slight contamination gradient in the Cotinga sub-estu-
ary. The distribution of biomarkers in the sediments was
evaluated in different spatial/temporal conditions which repre-
sents an unprecedented approach for this important economic area
of South America. The main conclusions of this study are summa-
rized below:
 Despite the growing urbanization in recent years in the area
where the Cotinga channel sub-estuary is inserted, the
region sediments are not considered to be contaminated by
oil. Likewise, PAHs levels in the sediments do not represent
an environmental threat. However, a gradient of fecal con-
tamination was veriﬁed by the concentrations of fecal ste-
roids and the values of speciﬁc ratios.
 Multivariate analyses demonstrated that the distributions of
sterols and n-alkanes accounted for the primary spatial dif-
ferences, and these were related to the main sources of these
compounds, whereas temporal differences occurred only due
to the distribution of PAHs.
The high variability of environmental conditions in the Cotinga
sub-estuary did not allow a precise evaluation of seasonal varia-
tions; however, the apparent distinction between the spatial distri-
butions of the biomarkers and the different patterns of analyzed
parameters demonstrate the importance of organic geochemical
studies in different seasons and different environments along a
sewage contamination gradient. This information can help prevent
anthropogenic impacts, promote the health of coastal environ-
ments and understand the OM cycles in estuarine systems of South
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